The relationship between solar activity and the global climate is not only an academically interesting problem but also an important subject for human beings. We have found an interesting relation that may be connected with above profound problem. We have analyzed the tree rings that had survived for 391 years in Japan. The tree archive is very important since it includes the period of the Maunder minimum. Quite surprisingly, Fourier analyses of the annual growth rate identified two cycles with periodicities of 12 and 25 years during the Maunder minimum, but no such cycles were found for other time periods. Possible interpretations of this result are presented.
Introduction
Recently BBC broadcasted an interesting report (in October 2009). Dengel et al. have analyzed the tree ring obtained in Scotland (Dengel et al., 2009) . The tree ring of Sitka spruce has been carefully treated and measured the annual growth of the tree ring. Quite surprisingly, they identified a growth cycle with a periodicity of 11 years. They compared their data to other factors such as temperature, precipitation, humidity and intensity of the diffuse radiation. They have found a weak correlation between the amount of diffuse radiation received over the spring and summer. But most strong correlation was found with the cosmic ray flux; the trees grew faster when the cosmic ray intensity was higher. They interpreted these results in terms of the influence of cosmic rays on global cloud cover (Svensmark and Friis-Christensen, 1997; Svensmark, 1998 Svensmark, , 2007 . Based on data from nearby meteorological stations, the cloud cover over Scotland increased with cosmic ray flux. A comment to this paper was also printed out at the same volume; a Finish group has found Correspondence to: Y. Muraki (muraki@stelab.nagoya-u.ac.jp) a weak correlation with the intensity of cosmic rays, i.e. the annual growth anomaly increased when cosmic ray flux increased (Kulmala et al., 2009) .
When the sky was overcast, the trees were illuminated by diffuse light, which enhances photosynthesis since it arrives from all directions. For normal plant growth, an illuminance of only 20 000 lux is sufficient to grow up, whereas direct sunlight has an illuminance of 100 000 lux. Furthermore, hazy or misty days are favorable for plants to grow quickly, because they can absorb water vapor more effectively from the stomata (Tanaka, 2010) .
The purpose of the present study is to test the conclusions of Dengel et al., using a tree sample that we had used for the C 14 analysis during the Maunder minimum (Miyahara et al., 2004) . But in this paper we have used only the data of annual growth rate of the tree ring. The detail of the tree sample is described in Section 2 and results of the analysis is presented in Sect. 3. In Sect. 4 we will discuss the correlation between the width of the tree ring, climate, cosmogenic isotopes and solar activity. Finally, in Sect. 5 we will provide a summary of this work.
Sample of the tree ring used for data analysis
We used a Japanese cedar tree for tree-ring analysis in this study. The tree grew in Nara prefecture, central Japan, at 136 • 2' 21" E, 34 • 32' 10" N at an elevation of 400 m above sea level. This region was hit by a strong typhoon in Sep 1998, and several cedar trees were felled by the wind. One of the cedar trees even broke the five-storied pagoda of the Muroji temple that is one of the national treasures of Japan. Among them a round shape tree-ring was sampled. The tree survived at the slope of the mountain looking down the valley to the south direction. Around the cedar tree, no competitive tall tree was found and the tree grew up in the forest.
Courtesy of the temple, we obtained 3 pieces of wood from this tree containing a 10 cm thick sequence of tree rings. This sample is very valuable since it includes a record of the Maunder minimum (Eddy, 1976) . The tree had a very uniform cross section with a long axis of 100 cm and a short axis of 95 cm. We performed measurements in six different radial directions.
Before we will describe the results of the analysis, we must briefly introduce here why we used this sample. One reason is very simple that the width of the tree ring was already measured by one of the authors (Miyahara) and it was easy to examine by Fourier analysis. Second reason comes from a fact that the width of the tree ring is wide and uniform, so it may keep a good record on the climate during the Maunder minimum, independent from the fluctuation of the growth rate.
Originally we had measured the radio carbon abundance by using the liquid scintillation method, so that we need a lot of wood chips at the same year (Kocharov et al., 1995; Arslanov, 1987 ). Therefore we needed the tree ring with a wide width for cutting. Those samples are normally obtained from young time of trees. However we had difficulty to find out such samples in Japan, though we have found many samples with the survival time of less than 250 years. It was just lucky that we could meet with this sample. Of course nowadays the measurement of C 14 is made by AMS (Stueiver et al., 1998) , therefore we are no more necessary to prepare many samples of 50 ml vial of the liquid scintillator.
Data analysis and results

Data presentation
The width of the tree rings was measured as follows. At first we drew 3 lines over the 3 plates of the tree ring; one from the center to the south direction, the others to the west and the north directions. Then we took the photos of the tree rings every 3 cm by the CCD camera together with the mea- sure. Then we analyzed the photos on the screen of PC. The resolution of the screen of PC was about 50 µm; however actual comparison between each plate indicated that the standard deviations of the errors on the measurement of the width were between 0.1 to 0.2 mm. The tree rings have certainly a 391 years record, but outside of the tree rings, some part is difficult to distinguish individual year. As a result, within 9, only years from 1609 to 1966 can be connected each other.
In Fig. 1 we present the photo of the tree ring. We have assumed that most outside duct was formed in 1998. We have compared this sample with the other one. The other sample was taken at the Nagusa shrine of Hyogo prefecture, 180 km away from the Muroji temple to the North West direction and the region is used to be covered by a heavy snow during the winter time. Two important common characters are found; the growth rates of both tress are quite similar and the outside ring of the Muroji tree coincides with the year of 1998 (Mitsutani, 2011) . In comparison with 3 data sets, we can understand that in this tree the growth rate is quite uniform for each direction. Figure 2 shows the annual growth rate of the tree ring. Figure 3 represents the annual growth rate with the 3 year running average. The left side data point corresponds to the year of 1607, when the tree was born and the right side point corresponds to the year of 1998 when the tree was felled down by the typhoon. As can be seen, the initial growth rate was high and gradually decreased over time and several clear peaks can be recognized during 1637 − 1646, 1664 − 1670, 1671 − 1678 and in many other times.
To demonstrate the uniform growth rate of the tree ring, we present raw data measured at the different directions of the tree ring; the west directions (3-A-2 and I-B-2) and the south direction (I-B-3). They are shown in Fig. 4 . To avoid confusion between 3 curves, the data are plotted in the Fig. 4 after being divided the raw data by 0.4, 0.5, and 0.93 from the top to the bottom, respectively. From Fig. 4 we can understand that the growth rate of the tree was quite uniform. We have made the analysis towards the north and the south directions. From these curves we recognize the enhancement of the growth rate during the number of rings between 1637 and 1646; very beginning time of the Maunder minimum.
To identify the peaks more easily, the authors made an integral curve of Fig. 4 for I-B-2. The ring width of each year dr(t) is multiplied by the tree radius of each year r(t). This corresponds to the area that the tree grew in a year. Fig. 5 represents the annual growth area: 2πr(t)dr(t). and 1745 is enlarged, while the bottom blue curve represents the annual variation of the Be 10 . The ordinate is given by adding 100 to the annual growth rate 2π r dr, while for the Be 10 data, the raw data are multiplied by 30 000 and reduced 80 for easy comparison. The under bars in the horizontal axis correspond to the duration of high growth time of the tree. The brown curve represents the 3 year running averages of C 14 data of this wood.
of Fourier analysis, let us compare our data with the other geophysical data.
Data comparison
Yamaguchi et al. analyzed the involvement of O 18 in the same tree rings (Yamguchi et al., 2010) . They cut a part of present tree ring and measured the abundance of O 18 . When we compare with their results, we find a good correlation in the times with all peaks (except 6 peak) and these durations Furthermore, when we compare present data with the data of Northern Hemisphere temperature anomaly, a good correlation has been also found in the time; the high growth rate of the tree ring was observed in the low temperature time of the northern Hemisphere (−0.4 • C) (Mann et al., 1999) .
In order to investigate the correlation with the intensity of cosmic rays, we have compared the data of tree growth rate with the data of C 14 (Miyahara et al., 2004) and Be 10 (Berggren et al., 2009). The highest correlation coefficient (r) between the annual growth rate and C 14 has been obtained when the data of C 14 (Miyahara et al., 2004) was shifted back 7 ± 1 years. The result turns out as r = 0.23 for the number of sampling points n = 108 with the rejection rate of P = 0.008. On the other hand, in the ice core data of the NGRIP, the excesses of Be 10 were seen around the years of 1620, 1641 , 1674 , 1696 , 1712 , 1715 and 1725 (Berggren et al., 2009 . It is surprising to know that except a peak of 1696, the 6 high growth times of present tree ring coincide well with these peaks as shown in Fig. 6 . The highest correlation coefficient between the two parameters (r), the annual growth rate of the tree ring and the abundance of Be 10 , has been obtained when the calendar year of Be 10 was put back 4±2 years. The correlation coefficient (r) has turned out as r = 0.31 with the rejection rate of P = 0.0002 for the sampling points n = 125.
We find out similar discovery by Dengel et al. (2009) during the Maunder minimum when the anthropological effect to the climate change could be neglected, not in modern times. Dengel et al. have found a statistically significant relationship between growth of the trees and the flux density of galactic cosmic radiation in modern times (n = 45, r = 0.39, P = 0.008). It is worthwhile to mention here that the best correlation coefficient was obtained between the two data of Be 10 and C 14 (Miyahara et al., 2004) when the calendar year of C 14 was put back 6 ± 2 years. The r was 0.37 for n = 105 with P = 0.00005.
Results of analysis by Lomb method and Wavelet method
Now we describe the results of the search for the periodicity. At first we have tested our data by a simple Fourier analysis (Press et al., 1992, Lomb method) and searched the existence of any periodicity in the sample. Although the method produces sometimes ghost periodicities that arise from the total duration of the sample, we can find out any periodicity naively if they exist. When we apply this method to the integral data (annual growth area) between 1611 and 1726, we have found two peaks at 12 years and 25 years as shown in Fig. 7 for the direction of 1-B-2 of the wood piece #1. However when we apply the Lomb method (Fourier analysis) to the total data set during 1606 and 1998, we could not find out any clear signals which may link with the solar activity.
To make present discovery sure, we have made the same analysis to the other piece of the wood ring (#3). For the west direction (3-A-2), as shown in Fig. 8 , again a clear 12 year peak and a 25 year peak have been seen. For the north direction (3-A-3), still a 12 year peak and a 25 year peak can be seen as shown in Fig. 9 . However a 38 year ghost peak has appeared. On the other hand for the south direction (1-B-3), the 12 year peak and the 25 year peak have been still clearly recognized, but another 18 year peak was amplified as the same level of the 12 year peak. When we apply the same method to the remaining data between 1727 and 1998, only a weak 12 year peak has been recognized (Fig. 10) .
Since the Lomb method does not specify the duration when the periodicity appears strongly and also restricted by the total length of duration, we have analyzed the differential data (width) by the Wavelet analysis (Torrence, 1998; Chui, 1992) . We took the 20 year running average of the growth rate and considered deviations from these averages as the annual growth rate. In the time of the data analysis we removed 10 years from each end of the data set and applied the wavelet analysis between the years 1617 and 1988.
Quite surprisingly, we also found an 11 year periodicity in the growth rate during the Maunder minimum, but no strong correlation with 11 years was found after the Maunder minimum. The result by the wavelet analysis is consistent with previous results obtained by the Lomb method. The results are shown in Fig. 11 . The red color corresponds to an excess (an increase in the growth rate) with a very high statistical significance. From Fig. 11 , there is also some evidence of a weak 25 year periodicity during the Maunder minimum Fig. 11 . Wavelet analysis performed to the annual width data (differential data) of 20 year running average. We removed 10 years from both sides and the analysis was performed to the data during 1617 and 1988. An 11 year periodicity can be seen during the Maunder minimum and some evidence is observed for a 25 year periodicity during the Maunder minimum. The red color corresponds to an excess with a very high statistical significance. This has been confirmed by the Monte Carlo simulation.
with a moderate statistical significance. We conclude that our analysis on the annual growth rate clearly shows a possible effect of solar activity to the climate. However we could not confirm the prediction given by Dengel et al. in recent days.
Discussions
Effect of solar irradiance to the Earth
Recently Lean and Rind have analyzed plenty of climate data of the world from 1889 to 2006. They have selected four parameters and estimated each effect to the climate (Lean and Rind, 2008) . According to their analysis;
(1) The effect of El-Nino Southern Oscillation (ENSO) impacts the zone of 25 • N and 25 • S of the latitude between the equator. The change of the temperature was estimated as to be 1.0 K at the maximum. As well known the peak was observed over the west coast of South America.
(2) The effect of the volcanic ashes and aerosols was widely observed in the region between 70 • N and 40 • S of the latitude. The effect was estimated as to be −0.25 K. The amount of the effect to the climate was estimated by being based on the Pinatubo eruption from November 1991 to September 1992.
(3) The anthropogenic influence to the global climate was also uniformly distributed in the latitude. The effect was estimated as to be +0.5K in the region between 60N and 45S of the globe.
(4) Most interesting effect related with current topics is the effect of solar irradiance on the global climate. According to the analysis by Lean and Rind, the global effect was estimated as to be 0.17 ± 0.01 K between the solar maximum and minimum. They noticed that the effect appeared strongly in the zone; between 70 • N and 30 • N and between 25 • S and 50 • S of the latitude. The effect works for positive direction and at the peak latitude (near 40 • ) it was estimated as to be +0.5 K. Later we will discuss being based on this number.
Effect of solar activity to the width of tree ring
Here we shall discuss why the solar activity has been recorded in the tree ring. It would be natural to think that the growth rate was affected by the local climate and the local climate was influenced by the solar activity (Lean and Rind, 2008) . It might arise from the reason that the formation of mist, fog and rain was also modulated by solar activity. For the growth of trees, the abundance of the water is very important. Even the trees absorb the water vapor from the stomata and grow. Therefore solar activity is registered in the tree rings (Tanaka, 2010 ). Now we must reply to the question why Dengel et al. found the 11 year periodicity in the recent tree rings and why we did not observe such a periodicity in our old tree at the same time . One of the possibilities arises from a difference of the growth rate of the tree ring itself. In the young time the annual growth rate of the tree ring is wide, while in the old time the width becomes narrower. Present sample of the tree ring shows quite narrow growth rate in the outer region, so that we could not find out a clear signal of solar activity in the outer region of the tree ring. Just it may arise from a difference inherent to the sample itself.
A possible mechanism of transportation of solar activity to tree ring
Here we shall discuss on a possible transportation mechanism of solar activity to the growth rate of the tree. The Sun emits in all region of the electromagnetic spectrum; 41% of the energy is emitted in the visible region, 52% is in the infrared region and 7% in the near ultra-violet region. The energy emitted in the region of X−ray and ultra-violet ranges constitutes only 0.001% of the total energy emitted (Audouz and Israel, 1996) . By the measurement of the NIMBUS 7 satellite, the irradiance changed as ±0.1% by the solar activity (Hoyst and Schatten, 1993; Hoyst et al., 1992) . The data of δC 13 indicates that the local temperature of Japan in the Maunder minimum was estimated as to be 3 • cooler than the average (Kitagawa and Matsumoto, 1995) . The effect of the solar variation between the solar maximum and minimum to the local climate at the zone of 40 • during these 120 years has been estimated by Lean and Rind as to be 0.5 K (Lean and Rind, 2008) . Therefore we can say that the solar irradiance during the Maunder minimum must be 6 times cooler than the normal time of the solar activity.
Nowadays it is well accepted that the change of 1 Watt/m 2 Total Solar Irradiance (TSI) induces the change of the global temperature as 0.1 K (Kamide and Lean , 2008) . At the zone of 40 • N and S, the difference is enhanced as up to 0.5 K between the solar maximum and the minimum. If the global temperature would be reduced by 0.6 K during the Maunder minimum, the temperature of the 40 • N and S must be reduced as 3 • . Therefore if TSI would be reduced 6 Watt s/m 2 , the cool temperature of the Maunder minimum would be realized. In other words, the reduction of the local temperature of 0.5 K was induced by the variation of TSI from 1374 to 1371.5 Watt s/m 2 . In order to realize 3 • decrease of the local temperature, if the Solar constant varied from 1374 to 1368 Watt s/m 2 , it would be realized. Therefore we estimate that the change of the TSI in the Maunder minimum must be 0.44 percent while the change of the TSI during recent 120 years was about 0.20% (Haigh, 2003; Lean et al., 1995) . The decrease of the TSI must be realized in the region of the short wave length of the light; near ultra-violet region, not in the optical and infra-red regions. This may be a reason why our tree ring recorded the past variation of climate change during the Maunder minimum.
Annual growth rate of trees
In the end of this section, we shall discuss on the growth rate of trees. Kononov, Friedrich and Boettger have published an interesting paper (Kononov et al., 2009) . They have estimated the temperature during the Maunder minimum with use of the tree samples obtained at Kola Peninsula of North Western part of Russia. Their samples show that the pine trees over Arctic Circle grow slowly during the Maunder minimum, sharply contrasting to our case. Let us consider about it. The abundances of sunlight, temperature and water are essential factors for the growth of trees. Especially over Arctic Circle the sunlight is essential factor for the photosynthesis. The photosynthesis advances under warm temperat ure. Since in the Maunder minimum, the temperature of Kola Peninsula was colder than the other times, the trees grew relatively slowly. On the other hand for the trees that grow in the middle latitude like Japan, the sunlight is not so important factor for the growth. Abundance of the water is more important factor for the photosynthesis. In the Maunder minimum, the temperature of Japan was cooler than the other times and there was much rain (about 3 • lower than the average) (Kitagawa and Matsumoto, 1995) . This may be the reason why the growth rates of the trees were opposite way in Japan and Kola Peninsula. In Japan under lower temperature, trees grow fast. It would be interesting to know that Dengel et al. observed at lower temperature the width of the tree ring grew wider.
Conclusions
We analyzed the annual growth rate of a cedar tree that had survived in Japan for 391 years. We found an 12 year periodicity in the growth rate during the Maunder minimum, but no strong correlation with 12 years was found after the Maunder minimum. The result by the wavelet analysis is consistent with the results obtained by the Lomb method.
A good correlation between our data (annual growth rate of the tree rings) and the Northern Hemisphere mean temperature anomaly data during the Maunder minimum is found (Yamguchi et al., 2010) . Our data also shows good correlations with the peaks of Be 10 and C 14 (Berggren et al., 2009; Miyahara et al., 2007) . Therefore it would be natural to think that the growth rate was affected by the local climate and the local climate was influenced by the solar activity (Lean and Rind, 2008) . It is interesting to know that even the sun spot disappeared from the solar surface, the dynamo clock worked regularly during the Maunder minimum. Once again we describe our conclusion here that our analysis on the annual growth rate clearly shows a possible effect of solar activity to the climate.
